The southwesterly low-level jet (LLJ) over southeast China in the summer of 2003 is analyzed in this study. The analysis is based on the National Centers for Environmental Prediction (NCEP) Final (FNL) operational global analysis data on 1.0×1.0-degree grids at 6-h intervals. The major criteria for choosing the LLJ included the following: a maximum wind speed equal to or greater than 12.0 m s 
Introduction
A sustained heavy moisture supply is one of the most necessary conditions for long-lasting heavy rainfalls. Low-level jets (LLJs) are one of the most important synoptic systems for water vapor transport (Qian et al., 2004; Yang et al., 2010; Zhang and Zhang, 2012) . LLJs are also associated with the development and evolution of deep Corresponding author: LI Li-Juan, ljli@mail.iap.ac.cn convection systems (Stensrud, 1996) . LLJs are narrow but strong, belt-shaped airstreams with core wind speeds above 12 m s -1 and usually reach their maximum speed between 900 and 850 hPa (Bonner, 1968) . With high amounts of warm and moist air masses, LLJs can result in strong convergence in their terminal regions. As a result, convections or large-scale rainfalls tend to occur in these regions through interactions with other favorable synoptic systems. It has been shown that the correlation coefficients between rainstorms and LLJs are greater than 70%-80% over southeast and northeast China as well as the Yangtze-Huai River Basin (Wang et al., 2002; Wang et al., 2003) . The close relationship between strong rainfall events and LLJs is also found over both North America and South America (e.g., Arritt et al., 1997; Higgins et al., 1997; Vera et al., 2006) . In general, an increase in LLJ frequency will increase the rainfall probability during the warm season. Strong but infrequent LLJs seem to be more closely related to heavy precipitation events (Arrit et al., 1997; Higgins et al., 1997) .
In addition to moisture transportation, LLJs also affect the diurnal variation of precipitation through the diurnal wind speed cycle. Based on the sounding data over the south-central United States, Bonner (1968) and Bonner and Paegle (1970) found that boundary layer winds behave according to an obvious diurnal cycle with the maximum speed at night and the minimum speed during the day in summer. Higgins et al. (1997) further analyzed the climatology of the diurnal cycles of precipitation and LLJs with both wind profile data and the assimilated datasets (These datasets were produced by the National Centers for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) and the Data Assimilation Office at National Aeronautics and Space Administration's Goddard Space Flight Center (NASA/ DAO). For the detailed information, please refer to Higgins et al. (1997) ). They found that the LLJ events were associated with the enhanced precipitation over the north-central United States and Great Plains and the decreased precipitation along the Gulf Coast and East Coast. The comparatively high-speed LLJs also increase the average nocturnal moisture transportation.
Constrained by the sounding density and temporal resolution, relatively little analysis has been conducted on LLJs in East Asia. Through the use of 12-h sounding data for the period of May-June 1985 -1994 , Chen et al. (2006 investigated the characteristics of LLJs and their close association with heavy rainfall over northern Taiwan region during the Meiyu season. They found that migratory LLJs tend to be larger in size, stronger over a thicker layer, and much more closely linked to heavy rainfall than non-migratory jets. Recently, Wang and Zhang (2012a) studied the climatic features of the southwesterly LLJs at the 850-hPa pressure level over southeast China and revealed that the nighttime LLJs mainly result from the increased nocturnal ageostrophic wind. Wang and Zhang (2012b) further showed that the streamline curve plays an important role in the diurnal variation of the ageostrophic wind.
Because LLJs are closely associated with warm season rainfall, it may possible to clearly depict their characteristics during certain heavy rainfall periods. During the summer of 2003, the Huai River Basin experienced several heavy rainfall events, which caused severe flooding over this region (Bi et al., 2004) . The LLJ climatology over southeast China during the warm season of summer of 2003 will be investigated in the present paper. The objectives of this study are to reveal the geographical distribution characteristics of the southwesterly LLJs at different pressure levels and to describe the temporal evolution characteristics of these LLJs.
Data and methods
In this study, data from the NCEP Final (FNL) operational global analysis on 1.0×1.0-degree grids at 6-h intervals (0000, 0600, 1200, and 1800 UTC) (see http://dss. ucar.edu/datasets/ds083.2/) are used for the LLJ analysis. The dataset is from the global data assimilation system (GDAS), which continuously collects in-situ observations (from surface and airborne stations) from the global telecommunication system (GTS) and other observational sources (mainly satellites). There are a total 26 of pressure levels from 1000 hPa to 10 hPa, including nine levels below 700 hPa. The finer horizontal and vertical resolutions are appropriate for the analysis of LLJs.
Thus far, there is no unique definition of LLJs, and every definition has elements of subjectivity and limitations (e.g., Zhang et al., 2006) . These limitations primarily result from the fact that low-level wind maxima in the boundary layer occur in a number of rather different situations (Helmut et al., 1985) . Among the definitions of LLJs, the criteria proposed by Bonner (1968) are widely adopted or modified (e.g., Arritt et al., 1997; Higgins et al., 1997; Pan et al., 2004) . Compared to the Great Plains region of the United States, the topography over southeast China is much more complex by the presence of mountains and hills. Therefore, the average height (in pressure levels) of LLJs in southeast China is much higher than 925 hPa.
Our definition for LLJs includes a speed maximum criterion that is similar to Criterion 1 given by Bonner (1968) , but our LLJ height and vertical shear values differ from those used by Bonner. Because the use of a regular grid dataset, the criteria below are used to evaluate the wind at only one grid. These criteria include (1) a maximum height of the wind corresponding to 900-700 hPa in the lower troposphere; (2) a maximum wind speed ≥ 12.0 m s -1 ; (3) a direction of the maximum wind between 180° and 270° (southerly to westerly wind); (4) a wind speed at the central grid (referring to any of the FNL grid data within the area 19-36°N, 99-126°E) that is equal to or larger than at least four grids among the total eight surrounding grids in the horizontal plane; and (5) in the vertical direction, a wind speed at the central grid that is equal to or greater than at least seven grids among the upper nine and bottom nine grids. If the wind speed satisfies all of the above conditions, the grid will be evaluated at "1" for the existing LLJ and "0" otherwise. Unlike Bonner (1968) and Chen et al. (2006) , criteria (4) and (5) are adopted to reflect the horizontal and vertical shear without any specific shear value, respectively.
The LLJ occurrence numbers (LLJ numbers, for short) in this paper are defined as the sum of occurrences of LLJs at each grid at one pressure level during June and July 2003. We cannot state unequivocally that the numbers "4" and "7" in criteria (4) and (5) are the best parameters for choosing LLJs, and the LLJ numbers are more sensitive to number "7" in the vertical direction. Based on the above criteria, an LLJ can exist in more than one level, and some grids may be missed even if there is a strong LLJ wind belt. To ensure the representativeness of our results given the above definition of LLJs, we also analyzed case studies for validation. These studies showed that our results accurately reflect the general activities of LLJs and are appropriate for qualitative statistical climatology analysis.
In this study, the warm season refers to June and July 2003, when both LLJs and rainfall were very active over southeast China. The anomaly is computed according to the contrasting patterns of this period with the 2000 to 2009 ten-year average. Based on the daily rainfall distribution and background circulation patterns, the rainy period during the summer of 2003 can be divided into three phases: 20-29 June, 30 June-11 July, and 12-22 July (Sun et al., 2003) . Considering the rainfall locations, the former two phases belong to the Meiyu period, when persistent heavy rainfall caused severe flooding in the Huai River Basin (see Liu, 2012) . Figure 1 shows the geographical distribution of LLJ numbers from between the 900 hPa and 700 hPa pressure levels. At 900 hPa, the LLJs are located over the comparatively flat regions of Jiang-han and Dongting Plain (more than 20 LLJs), Poyang Plain (larger than eight), and the Southeast Coast (Fig. 1a) . The LLJ activity area is broader at 850 hPa, and the two centers of LLJ activity move southwestward (Fig. 1b) , one in the northeastern Yunnan-Guizhou Plateau (more than 35) and the other in the eastern Yunnan-Guizhou Plateau (more than 20). In the northeastern Yunnan-Guizhou Plateau at 800 hPa, there is also an LLJ center (more than 40) (Fig. 1c) . The region north of Dabie Mountains also has one center with the LLJ numbers of 16. Both of the LLJs at 850 and 800 hPa are closely related to the topography. The LLJs tend to concentrate at the eastern slope with a steep topographic gradient. At higher elevations, the LLJs move northward to the Yangtze-Huai River Basin, and there are fewer than 20 at both 750 and 700 hPa (Figs. 1d and 1e) . The LLJ numbers in the eastern Yunnan-Guizhou Plateau reduces to less than 10 except in the region south of the Sichuan Basin (more than 20), which is a very localized phenomenon related to the topography. For the LLJs in the Yangtze-Huai River Basin, the mid-latitude westerly wind plays a much more important role, as reflected by the large zonal wind component.
Low-level jet analysis
The LLJs were exceptionally active during the warm season of 2003 compared to the ten-year climate mean state (Fig. 2) . From 900 to 700 hPa, the LLJ numbers over southeast China show consistent positive anomalies with different magnitudes, except on the Southeast Coast in the levels above 800 hPa. The negative LLJ anomaly results from the westward extension of the Western Pacific Subtropical High (not shown). The positive anomaly in Fig. 2 exhibits a similar distribution pattern as those in Fig. 1 in each pressure level. Among all five levels, the increasing trend of the LLJ numbers in the northeastern Yunnan-Guizhou Plateau at 800 hPa is comparatively low (Fig. 2c) . This finding indicates that the LLJ activity in this region is much more closely related to the local topography forcing and is less modulated by the background large-scale circulation in each year. This phenomenon also existed in the summer of 2007 (not shown). In addition, the LLJs in the summer of 2003 were anomalously stronger than the ten-year mean climate conditions. Because the LLJ wind speed and its anomaly at 850 hPa are not continuous and smooth under the influence of topography, we set the LLJ speed at 800 hPa as an example. The average wind speed in south China is more than 16 m s (Fig. 3a) . The positive anomaly maintains 1-2 m s -1 above the mean in south China and more than 2 m s -1 (up to 4 m s -1 ) in the lower reach of Yangtze River Basin (Fig. 3b) . The speed anomaly patterns are similar at other pressure levels (not shown). Liu (2012) analyzed the 6-h 850 hPa wind field averaged over the period from 20 June to 22 July 2003 and demonstrated the obvious diurnal variation of the southwesterly wind speed. On average, the core wind speed at 0000 and 1800 UTC can be 4-6 m s -1 higher than that at 1200 and 0600 UTC (Fig. 5, Liu, 2012) . As a nighttime-morning preferable phenomenon, LLJs tend to have distinct diurnal cycles. The diurnal variation of LLJ numbers at 850 and 800 hPa are similar. Therefore, we choose 850 hPa to quantitatively describe these changes to be consistent with Liu (2012) . More than half of the LLJs appear at 1800 UTC (Fig. 4d) , then a secondary maximum at 0000 UTC (Fig. 4a) . At noon, the LLJ numbers are below four over the continental region (Fig. 4b) . The LLJs are also less active in the early evening (Fig. 4c) . The above diurnal variation characters are prominent in the levels below 800 hPa because they are highly influenced by surface heating. At 750 and 700 hPa, the LLJs do not exhibit obvious diurnal variations (not shown). This finding further implies that the LLJs at these levels are modulated by the mid-latitude westerly winds.
As we mentioned in section 2, the rainy period in the summer of 2003 was from 20 June to 22 July. The above analysis confirms that the southwesterly LLJs during the warm season of summer 2003 were very active and strong. However, were they equally distributed from June to July or only concentrated within the rainy period? To answer this question, we conduct the following analysis. As we described in section 2, the grid satisfying the LLJ criteria is evaluated as "1" and otherwise as "0". We add all the grids (with values of "1" or "0") together within the area 22-34°N, 105-120°E, and the final numbers qualitatively represent the activity of LLJs. Apparently, more than 84% LLJs occurred within the 33-d rainy period from 850 to 700 hPa (Table 1) . Although the LLJs near the surface mainly resulted from the terrain effect, there are still more than 74% LLJs in the 33-d period at 900 hPa. The Yangtze-Huai River Basin area average (27-34°N, 113-120°E) daily rainfall rates during the rainy period is 11.25 mm d -1 , which is 4.25 mm d -1 larger than during the warm season (June and July).
In the summer of 2007, the Huai River Basin also suffered severe flooding. Based on our analysis, there were similar LLJ numbers in this summer. However, unlike the summer of 2003, the LLJs in the summer of 2007 were much weaker and not concentrated within the heavy rainfall period. The weak LLJs may result from the weak background southwesterly air flow (not shown). In addition, the Yangtze-Huai River Basin area average rainfall intensity was also comparatively lower in the summer of 2007. Therefore, we can conclude that the frequent, highintensity LLJs over southeast China from 20 June to 22 July 2003 were closely related to the heavy rainfall along the Yangtze-Huai River Basin and the intense flood along the Huai River Basin.
Conclusion
This study investigates the characteristics of LLJs over southeast China through a climatology analysis of June and July 2003. All of the results are based on the FNL analysis data. According to several previous LLJ definitions, such as that of Bonner (1968) for North America and Chen et al. (2006) for northern Taiwan, we provide the detailed LLJ selection criteria for this work. In contrast to much of the LLJ-related research for southeast China (e.g., Sun, 1986; Qian et al., 2004; Wang and Zhang, 2012a, b) , we analyze the LLJ spatial distribution patterns at several pressure levels from 900 to 700 hPa. The results show that the LLJs over southeast China dominate at 850 to 800 hPa. These LLJs are closely related to the topography and tend to locate above areas with large terrain gradients, including the northeastern and eastern Yunnan-Guizhou Plateau. At the levels above 750 hPa, the LLJs move northward to the Yangtze-Huai River Basin. These LLJs are modulated by the mid-latitude westerly winds and less affected by the topography. Compared to the ten-year climate mean state, the LLJs in the warm season of summer 2003 present consistent positive anomalies over southeast China from 900 to 700 hPa. The LLJs are much more active and stronger than the mean climate mean conditions. Below the 800 hPa pressure level, the diurnal cycle reveals that more than half of the LLJs occurred around 1800 UTC, a secondary maximum occurred around 0000 UTC, and the least occurred around 0600 UTC. These variations become less apparent at 750 and 700 hPa under the influence of the mid-latitude westerly wind. Finally, the summary of LLJ grid numbers shows that more than 80% of LLJs in June and July 2003 occurred within the 33-d rainy period. These LLJs were directly related to the anomalously heavy rainfall in the Yangtze-Huai River Basin.
Overall, this work provides a preliminary investigation of the LLJ climatology over southeast China. Our analysis demonstrates that LLJs can exist in the lower troposphere at any level from 900 to 700 hPa. Influenced by surface heating or mid-latitude westerly winds, LLJs exhibit different terrestrial preferences and diurnal cycles at each pressure level. The current study confirms the close relationship between active, strong LLJs and downstream heavy rainfalls. A follow-up study will explore these interactions and feedbacks through an analysis of one or two typical cases.
